We examined the pattern of expression in hair follicles of the transcription factor gene Krox-20. During embryogenesis, Krox-20 is ®rst expressed in the upper portion of the hair bud, then in the hair canal, in the sebaceous glands and in the outer root sheath. In the mature follicles, Krox-20, like Shh and TGFb RII, is also expressed in a sub-population of matrix keratinocytes located in a ring-like fashion in vibrissal follicles and clustered on one side of the papilla in pelage follicles. This polarized pattern rotates around the papilla as a result of sequential gene expression by individual groups of matrix cells. This peculiar pattern is not linked to follicle angling. q
Krox-20 (Egr-2) is an immediate-early serum response gene encoding a three C 2 H 2 -type zinc ®ngers transcription factor (Chavrier et al., 1990; Chavrier et al., 1988) that is essential for normal nervous system development (Schneider-Maunoury et al., 1993; Swiatek and Gridley, 1993; Topilko et al., 1994) and for endochondral ossi®cation (Levi et al., 1996) . Examination of mice carrying a mutated Krox-20 allele with an in frame insertion of the E. coli lacZ gene, showed that the Krox-20/lacZ allele faithfully recapitulates Krox-20 expression pattern (Schneider-Maunoury et al., 1993; Topilko et al., 1994; Levi et al., 1996) . We used these mice to study Krox-20 pattern of expression in hair follicles by X-gal staining. The hair follicle develops in eight successive stages (Davidson and Hardy, 1952) . It starts by a thickening of the primitive epidermis, which progressively extends into the mesenchyme. The lower part of the hair germ then progressively surrounds the mesenchymal cells that condense to form the follicular papilla. Simultaneously, the epithelial cells organize themselves in several concentric layers, the outer and inner root sheaths (ORS and IRS, respectively) , and the hair shaft. Then, the matrix keratinocytes located in the bulb, the lowest part of the follicle, actively proliferate and generate the hair shaft and the IRS. In rodents hair follicles, most stem cells are in the upper part of the ORS, in an area called the bulge (Cotsarelis et al., 1990; Kobayashi et al., 1993) . During embryogenesis, Krox-20 expression was ®rst detected at stage 3 in few epithelial cells in the upper part of the hair germ (Fig. 1A,B) . It was then detected in the territory of the bulge, in the developing hair canal and in the sebaceous glands (Fig. 1C,D) . Krox-20 expression later extended downwards to the tip of the hair germ, where it was restricted to the innermost layer of the ORS (the socalled companion cell layer) (Fig. 1E,F) . This pattern remained unchanged during the hair cycle (Fig. 2 A±F) except in the bulb where Krox-20 was also expressed in a sub-population of matrix keratinocytes located in a ring-like fashion in vibrissal follicles (Fig. 2F ) and clustered on one side of the papilla in pelage follicles (Fig. 3A) . Interestingly, these clusters of positive cells were observed on either of the two sides of the papilla on adjacent follicles (Fig. 3A , arrows). Krox-20 expression pattern shows remarkable similarities with that of TGFb RII, a gene encoding a serine-threonine kinase that acts as a receptor for several members of the TGFb superfamily (Paus et al., 1997) . Adjacent sections obtained from Krox-20 1/2 skin were stained with X-gal or with an antibody to TGFbRII. Krox-20 and TGFb RII were expressed in the same matrix cells of pelage hair follicles (Fig. 3B,C) . Moreover, in anagen (00)00398-1 www.elsevier.com/locate/modo vibrissal follicles, TGFbRII was also expressed, like Krox-20, in a ring-like fashion at the level of the Auber's line (data not shown). Sonic hedgehog (Shh), a signaling molecule implicated in the development of numerous organs (Weed et al., 1997) , is necessary for hair follicle morphogenesis (Chiang et al., 1999; St-Jacques et al., 1998; Wang et al., 2000) . In situ hybridization of Shh mRNA demonstrated that Shh was expressed in a pattern similar to that of Krox-20 and TGFb RII in the bulb of pelage (Fig. 3D,E) and of vibrissal follicles (data not shown). Furthermore, TGFbRII and Shh were expressed in the same matrix cells as demonstrated by immunochemistry (TGFb RII) Fig. 2 . Krox-20/lacZ expression during the hair cycle of vibrissal follicles. Hairs are periodically shed and replaced, and a hair follicle alternates phases of growth (anagen), regression (catagen) and rest (telogen). Krox-20/lacZ expression was followed by whole-mount X-gal staining of microdissected Krox-20/lacZ heterozygous vibrissal follicles at different phases of the hair cycle. (A) Anagen; (B) early catagen; (C) catagen; (D±F) early anagen. Arrow points Krox-20 positive cells located in the matrix, at the level of the Auber's line, the boundary line between the proliferating and differentiating zone located where the follicular papilla is the widest. Bar, 100 mm. Fig. 1 . Krox-20/lacZ expression during the development of vibrissal follicles. Vibrissal follicles, from Krox-20/lacZ heterozygous embryos, were harvested at various stages of development. They were then stained in whole-mount with X-gal like previously described (Mercer et al., 1991) . Paraf®n-embedded longitudinal sections were performed and counterstained in Meyer's hematoxylin. Note that similar results were obtained with frozen sections that were reincubated in the X-gal solution to ensure that the labeling was optimal. and in situ hybridization (Shh) on serial sections of pelage follicles (data not shown). In the developing feather bud of the chicken, Shh asymmetric expression is related to the angle of implantation of feather (Ting-Berreth and Chuong, 1996) . In transgenic mice expressing a truncated b-catenin in basal epidermal and ORS cells, Shh is expressed in an asymetric fashion in normal pelage follicles but in a symmetric fashion in the misangled surnumerous ones (Gat et al., 1998) . These observations suggest that this asymetric pattern of expression is involved in mouse follicle angling. Our data do not support this hypothesis, since the matrix cells expressing Shh are located on either of the two sides of adjacent follicles with identical angling (Fig. 3D,E) . To further investigate this point, we used Krox-20/Cre; b actin lacZ mice in which lacZ becomes permanently activated in Krox-20 expressing cells and in their progeny (Voiculescu et al., 2000) . Examination of anagen pelage follicles obtained from these mice revealed the presence of several clusters of b-galactosidase positive cells around the matrix (Fig. 4) . This demonstrated that Krox-20 had been sequentially switched on in neighbouring groups of matrix cells. Fig. 3 . Krox-20, TGFbRII and Shh expression in the hair bulb of pelage follicles. (A) Krox-20/lacZ expression pattern in anagen VI skin of a heterozygous Krox-20/lacZ adult mice. A piece of skin was stained in wholemount with X-gal and then cut in a cryostat. The section was stained again with X-gal and then counterstained in nuclear fast red (C. I. N8 60760). In the hair bulb, Krox-20/lacZ expression is restricted to a group of cells located in the matrix on either of the two sides of the papilla (arrows). (B,C) Krox-20/b -galactosidase (B) and TGFbRII (C) detection on frozen serial sections of a Krox-20/lacZ heterozygous pelage hair follicle in anagen VI. The detection of TGFbRII was performed by immunocytochemistry as described (Paus et al., 1997) . The black dotted lines delineate the sites of expression. (D,E) In situ hybridization of Shh mRNA on a frozen section of wild-type dorsal skin in anagen VI. The skin was obtained from albino mice (strain OF1, Iffa Credo, France) to minimize the background resulting otherwise from the presence of melanin. The in situ hybridization was performed as previously described (Le Nove Áre et al., 1996) with 5
H -GCTTTGGATTCATAGTAGACCCAGTCGAAACCTGCTTC-CACAGCC-3 H oligonucleotide. (D) Bright ®eld, (E) dark ®eld. The red dotted lines delineate Shh expression. Note that expression of Shh is polarized on either of the two sides of the papilla in adjacent follicles with identical angling. Bars: (A), 50 mm, (B±E), 12.5 mm. (Voiculescu et al., 2000) were crossed with animals bearing the lacZ gene under the control of the ubiquitously expressed chicken b-actin promoter, but separated from it by a¯oxed transcriptional stop (Akagi et al., 1997) . Upon Cre-mediated recombination lacZ becomes permanently activated in Krox-20 expressing cells and in their progeny. Follicles were obtained from Krox-20/Cre; bactin lacZ mice and stained with X-gal. The presence of several groups of b-galactosidase positive cells located around the hair bulb indicates that Krox-20/Cre was sequentially turned on in the progenitors of these populations (compare with Fig. 3A) . Bar, 50 mm.
